processing. PP is composed of linear hydrocarbon chains and, therefore, its properties 30 resemble those of polyethylene in many aspects. PP and its copolymers can be classified 31 into three categories: monophasic homopolymer (h-PP), monophasic random copolymer 32 (r-PP) and heterophasic copolymer (heco-PP). The h-PP can be either isotactic, 33 syndiotactic or atactic; but the isotactic h-PP is particularly useful. Its stereoregularity 34 and the resulting high crystallinity endow isotactic h-PP its outstanding characteristics. 35
Therefore, commercially produced h-PP is up to 95 % isotactic. 36
37
The h-PP is also one of the lightest thermoplastics, having a density ranging from 0.85 to 38 0.91 g/cm 3 . Pure isotactic h-PP has a melting temperature of 176°C. However, the 39 melting temperature of commercial h-PP materials is around 160-165°C with melting 40 beginning around 140°C, which is much higher than PE. The linear polymer chains of r-PP 41 contain copolymers such as ethylene, propylene and butene in a random manner. This 42 structure reduces crystallinity and thus improves the optical clarity. This is the main 43 commercial advantage of r-PP over h-PP. In addition, the wide availability of nucleating 44 agents, known as "clarifiers," further reduce the "haze" by nucleating small spherulites 45 on the surface, thereby reducing surface irregularities. (Duca and Moore, 1996) Another 46 commercial advantage of r-PP over h-PP is its lower melting point. This facilitates, for 47 example, heat-sealing of films. 48 49 Lastly, the heco-PP is a block copolymer made up of h-PP phases and, usually, ethylene-50 propylene rubber (EPR) phases. This combination leads to superior impact strength at 51 low temperatures. The "toughness" of heco-PP is due to many small crazes formed by 52 rubber particles that absorb and, therefore, interrupt the propagation of fracture in the 53 PP matrix. (Duca and Moore, 1996) 54 55 Due to the variety of PP formulations mentioned above along with their variety of 56 applications in food packaging, a wide range of the diffusion behaviour is observed in PP. 57
In this paper, the migration behaviour of polymer additives in seventeen industrial PP 58 samples is described. The seventeen PP samples cover all the major types of PP used in 59 food packaging. In order to cover a broad range of M r -values, the diffusion of small 60 The aim of this paper is to correlate migration properties with the structure of PP.correlated in order to find a short cut which enables one to predict the migration 66 behaviour of a PP-sample by testing its "isotactic index" with xylene. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The xylene-soluble component is the amount of material which remains dissolved at 20°C 94 after being refluxed in xylene. The analysis of xylene-soluble component provides 95 information about the amorphous, non-crystalline and atactic portion of a h-PP and r-PP 96 sample. For heco-PP samples, the amount of dissolved material indicates the rubber 97 content. Briefly, 500 ml of distilled xylene are introduced into a 3 -necked round-98 bottom flask, which is equipped with stirrer, reflux condenser and thermometer. After 99 heating the flask with the xylene to about 100°C for about 15 min, 5 g of PP are added to 100 the hot agitated solvent. Under vigorous agitation, the temperature is raised to the 101 boiling point of the xylene (ca. 135°C). To dissolve the PP sample completely the flask is 102 heated for an additional 60 min. Then, the heating mantle is removed and, after 2-3 min, 103
is replaced by an ice-water bath. Under vigorous agitation, the solution cools down to 5°C 104 within 20 min while the bulk of the PP sample precipitates as gel. Then, the ice-water The migration of I-1010, I-168 and I-P-EPQ into 95% ethanol at 40°C has been monitored 119 after 2, 4, 10 and 20 days and also at 80°C after 3, 6, 9 and 24 hours (Brandsch et al. 120 2002) . 95% ethanol makes an excellent alternative fatty food simulant for this system due 121 to its high solubility for these additives and its negligible interaction with PP. 122 123 PP sample sheets with thickness of ca. 1 mm were fully immersed into 95% ethanol. After 124 the desired contact time, an aliquot of the migration solution was injected into a high 125 (Brandsch et al. 2002 ) . 140
141
Determination of limonene uptake and diffusion 142 (R)-(+)-Limonene (Aldrich, 97%) has been chosen as a migrant mainly for its molecular 143 weight (136 g/mol), which is lower than most polymer additives. Therefore, limonene 144 migration may be close to the "worst-case migration" based on the current understanding 145 of how molecular weight of a migrant influences its diffusion in polyolefins. In addition, 146 limonene can be identified easily by smell, is readily available, and is a common 147 constituent of some foods. These properties make it easier to work with limonene. 148
149
The Hiden Analytical's (Warrington, UK) Intelligent Gravimetric Analyzer (IGA) is used to 150 monitor both absorption and desorption of limonene into and out of polymer samples. 151
The IGA can monitor changes in the mass of a polymer sample to 0.1 microgram. This 152 instrument is similar to modern research grade thermogravimetric analyzers (TGA) with 153 one major difference -experiments are conducted at low pressures to minimize any 154 interference due to sorption of water and other contaminants in the atmosphere. In 155 addition, the absence of air near the polymer sample minimizes potential errors 156 associated with an air barrier (Crank and Park 1968) . 157 158 Then, the system is pumped down to ca. 10 -9 atm with a turbomolecular pump backed up 160 with a diaphragm pump. After the sample weight, system pressure and temperature 161 stabilize, limonene vapor is introduced into the system. The IGA system uses 162 automatically controlled inlet and outlet valves to maintain the limonene pressure within 163 a specified range. For this work, limonene pressure was set at 2.0 mbar. During 164 desorption runs, the system is evacuated to facilitate the removal of limonene from the 165 polymer surface. 166 167 Typical sorption runs on PP samples, owing to their thickness of more than 1 mm, took 168 more than 14 days for an absorption and desorption cycle at 40°C. Such lengthy analysis 169 runs not only reduced productivity but also increased the effect of normally negligible 170 errors such as a slow leak in the system. In order to circumvent these problems, PP 171 samples have been heat-pressed to ca. 0.2mm thickness. The heat-pressing was 172 performed at 165ºC and 5000 psi for 1 min. By keeping the temperature close to the PP 173 melting point and limiting the heat exposure, this procedure intends to minimize change 174 in film morphology such as crystallization. Densities of original PP samples and heat-175 pressed PP films showed good agreement. Sorption runs on these samples are completed 176 in about 5 days. 177
178
Limonene uptake in heat-pressed PP films are tabulated in the third column in Table 1 . 179
Limonene diffusion coefficients in heat pressed PP films are tabulated in the last column 180 in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The diffusion coefficients for I-168 and I-P-EPQ at 40°C and 80°C are listed in Table 3  197 along with the corresponding apparent activation energies, E D. The apparent activation 198 energies in Table 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 One of these two factors can be accounted for as follows. Activation energy for h-268 PP/water system can also be calculated from Limm and Hollifield's work. For unagitated 269 h-PP/water system between 77C and 135C, the activation energy is comparable to that of 270 h-PP/corn oil system. This suggests that food simulant, be it water or corn oil, does not 271 influence activation energy of I-1010 diffusion in PP substantially. 272
273
The other factor, the heat-pressed PP, is more likely the cause of difference in activation 274 energy for the following reasons. The laboratory heat-pressed PP sheets made under less 275 precise thermal control are expected to have more free volume and poorer barrier 276 properties than mass produced rolled sheets produced under controlled temperature 277 conditions. Therefore, one would expect activation energy to be lower for the former if 278 all other factors are identical. In addition, the results of current study indicate that h-PP 279 has higher activation energy than both r-PP and heco-PP which allows greater additive 280 migration from r-PP and heco-PP. This supports the idea that a system with a lower 281 activation energy allows for more migration and, therefore, a poorer barrier material. 282
283
The apparent activation energies measured for all PP samples investigated in this work in 284 the range 40°C -80°C are relatively high. This may result from a significant interaction 285 between ethanol and the PP-matrix around 80°C. This interaction is still in progress at 286 higher temperatures. 287 288 A slightly curved Arrhenius plot appears to be a universal phenomenon (Zweifel, 1998) . 289
That means, even in the absence of liquid contact phases, the activation energy for I-290 1010 in PP decreases at higher temperatures. This finding is in agreement with other 291 measurements (Garde et al. 2001 , Stoffers et al. 2005 . Most published migration results 292 obtained with additives in PP were obtained at higher temperatures (Goydan et al. 1990 , 293 Helpful tools for this comparison are theoretical models for estimation of the diffusion 306 coefficients. Generally, there have been two approaches for estimating diffusion 307 coefficients for additives in food packaging systems, one by Limm and Hollifield 1996, and 308 the other by Baner and Piringer (1996) and Brandsch et al. 2002. In the approach by 309 Limm and Hollifield (1996) , the diffusion coefficients for the three additives I-1010, I-168, 310 I-P-EPQ and limonene can be estimated in PP at 40°C with the equation (1) . These results strongly suggest that very different diffusion values can result 322 among PP-products. Additionally, high limonene diffusion coefficients in PP samples are 323 likely due to high uptake of limonene in PP samples (see Table 1 ). Limonene is known to 324 interact mildly with polyolefins so that its diffusion coefficient increases as limonene 325 concentration in the polymer increases (Mohney et al. 1988) . We have also observed high 326 limonene diffusion coefficients in our polyethylene works due to high limonene uptake 327 (Limm et al., 2006) . 328 (Table 4 ) 339
340
The diffusion coefficients in PP can also be predicted using the second approach by using 341 equation (2) (Table 5 ) as a function of the xylene-extractable amounts, XL from 353 Table 1 , is shown in Figure 1 . A linear regression of the A p values results in equation (4) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ensure that a proposed migration model offers the safety margin required by the 368 consumer protection laws, upper limits of diffusion in each plastics food contact material 369 must be calculated. Different approaches can be used to achieve this objective. One such 370 procedure has been recently described (Begley et al. 2005) . As shown in equation (2) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
